Introduction
Most oral medicines and nutritive substances are effective only after they are absorbed in the intestine. Their absorbability, however, varies with the nature of the substances involved. Therefore, the evaluation of molecules' intestinal absorption is important in the field of pharmaceuticals and nutrition. In the human body, oral drugs and nutrients are absorbed by intestinal epithelial cells; Caco-2, a cell line from human colonic carcinoma, cells are well-known as a model of the intestinal epithelial cells. Previous studies on intestine models have predominately used Caco-2 cells in vitro. [1] [2] [3] The Caco-2 cells form a single cell layer connected via tight junctions, thus affording the layer an ability to selectively permeate certain molecules. 4 Although existing systems are easy to deal with for scientists, they require large amounts of cells, reagents, samples, and culture media for an assay, which take a long time to test. Moreover, a more rapid evaluation method with lower costs and a simpler procedure is required for efficient drug screening research. In addition, since the intestine is a type of fluidic tube, an evaluation under fluidic conditions is favorable, rather than static experiments with conventional cell culture inserts (Fig. 1) .
One way to fulfill the above-mentioned requirements is through miniaturization. Micro total analysis systems (µ-TAS) enable researchers to perform highly efficient chemical and biochemical analyses, including bioassays. 5 In order to develop microchipbased bioassays with cultured cells, a series of operations, i.e., cell culture, sample introduction, and cell analysis, must be integrated into a microchip. 6, 7 Our group has developed microbioassay systems to evaluate the bioactivity of some drugs. [8] [9] [10] [11] In this paper, we describe the development of a microfluidic system in which the intestinal absorption could be evaluated; this resulted in lesser consumption of cells and samples and a shorter testing time. The use of a microfluidic system for intestinal absorption tests has recently been reported. 12 Although a transport assay for rhodamine was realized, it was difficult to obtain reproducible and precise control of the fluidic rate and to perform continuous sampling of solutions. Therefore, the system was not ideal for the analysis of nonfluorescent molecules, which included most drugs, and there remains a need for a new system to resolve these problems.
Intestinal absorption rates vary with the nature of the substances involved. In-vitro experiments with cell culture inserts are often conducted to evaluate the intestinal absorption rate. These inserts, however, require large amounts of cells, samples, and culture media, and take a long time to evaluate. To overcome these problems, we developed a microchip-based system that mimics the intestine. The microchip was composed of a glass slide, a permeable membrane, and polydimethylsiloxane (PDMS) sheets, which contained microchannels made by photolithography; Caco-2 cells were cultured on the membrane in the microchip. The system was regulated with a microsyringe pump. We conducted permeation tests; cyclophosphamide, which can permeate the intestinal barrier, displayed a high permeability coefficient and Lucifer yellow, which cannot be absorbed at the intestinal wall, displayed a low permeability coefficient. These results were consistent with those obtained using a conventional method, which supports the validity of our new system. The system realized an 80% reduction of cell consumption. 
Experimental

Chemicals and microchip
All reagents were purchased from Wako Pure Chemicals (Osaka, Japan) unless otherwise specified.
The microchip was made of polydimethylsiloxane (PDMS). It comprised 2 PDMS sheets, an upper and lower sheet, each of which had microchannels fabricated by photolithography, 13 as described previously. 9 The dimensions of the sheets were 25 × 75 × 3 mm. All microchannels were 1.5 mm in width. An SU-8 2100 photoresist (MicroChem, MA) was used to make 200-µm-height microchannels. To fabricate a microchamber with 1-mm height, a thin Teflon sheet (1 mm in thickness) was manually cut to an appropriate size, and put on a glass mold in place of SU-8.
Vertical microchannels connecting the upper side and the lower side of the lower PDMS sheet were also fabricated. Short Teflon tubes with 1.6 mm o.d. were left standing on the glass mold, and PDMS prepolymer was cast onto it to 3 mm in height. After curing, the Teflon tubes were removed, and then vertical channels with 1.6 mm i.d. were obtained.
The upper channel in the upper PDMS sheet served as the apical side, and the lower channel in the lower PDMS sheet, as the basal side. The upper channel worked as a microchamber for the cell culture as well. Bottom membrane filters of BioCoat fibrillar collagen type I, 6-well plate 1.0 micron inserts (BD Biosciences, CA) were cut to the appropriate size and used to separate the upper and lower channels and the cell culture support. The membrane was made with a polyethylene terephthalate sheet with 1-µm pores, which was coated with fibrillar collagen, type I.
First, the lower PDMS sheet containing microchannels was attached to a glass slide. Next, we placed a collagen-coated membrane on the microchannel in the lower PDMS sheet. The upper PDMS sheet was activated by oxygen plasma, and then laminated with the lower PDMS sheet and a glass base (Fig. 2 ).
Cells and culture conditions
Human intestinal model cell line, Caco-2, cells were cultured in a 60-mm cell culture dish. The cells were maintained in a minimal essential medium (MEM; Sigma-Aldrich, MO) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich) and 1% non-essential amino acid (NEAA; Gibco, Invitrogen, CA) and incubated at 37 C in a humidified atmosphere of 5% CO2. Once the cells reached 70% confluence, they were treated with a trypsin-EDTA solution (Gibco, Invitrogen) before being replenished with a fresh medium. The resulting cell suspension was introduced into the microchamber through the injection port and cultured on the collagen-coated membrane in the microchip. Cultures were maintained with Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich) supplemented with 10% FBS and 1% NEAA, and grown at 37 C in a humidified atmosphere of 5% CO2. The medium was periodically replaced.
System
For easy handling, the microchip was placed in an autoclaved plastic box, which was kept in a CO2 incubator. All solutions were pumped with a microsyringe pump (KDS230; KD Scientific, MA), which generated small pulsating flows. Two flows were pumped to two-tiered microchannels. Fused silica capillary tubes (GL Sciences, Tokyo, Japan) were connected to syringe needles and bonded with an epoxy adhesive.
Permeation test on a microchip
Permeation tests of model samples were performed using the microchip.
An oral anticancer agent, cyclophosphamide (CPA), 14 was used as a permeable drug and a fluorescent molecule, Lucifer yellow (LY), 2 was used as a nonpermeable molecule.
A medium containing 4.5 µM LY and 2 mM CPA was continuously pumped into the upper channel (apical side), and the medium without samples was infused into the lower channel (basal side); both media were infused at the same flow rate. In the control experiment, the same process was conducted under the same conditions, but without Caco-2 cells in order to determine the permeability of the membrane itself.
Permeation test by the conventional method
Caco-2 cells were cultured for 5 days in BioCoat fibrillar collagen type I, 24-well plate 1.0 micron inserts (BD Biosciences) which had the same membrane as that used to fabricate the microchip. They were maintained with DMEM supplemented with 10% FBS and 1% NEAA and grown at 37 C in a humidified atmosphere of 5% CO2. The medium was replaced every second day. CPA (2 mM) and LY (4.5 µM) were added to the medium in the insert; the insert (apical side) was then settled in the well (basal side). In the control experiment, the same process was conducted under the same conditions but without Caco-2 cells. There was 500 µL of the medium in the insert, and 1000 µL in the well. The permeation test was conducted for 30 min, after which the medium in the basal side was collected for sample determination.
Determination of CPA and LY
CPA concentrations were determined using conventional HPLC by a previously described method.
14 CPA was extracted from the medium using the same volume of ethyl acetate 5 times, dried with nitrogen, and then dissolved in 100 µL of Milli-Q water. This solution was analyzed using an HPLC system (Jasco, Tokyo, Japan) with a TSK-gel ODS-80TM column (Tosoh, Tokyo, Japan), eluted with 10% acetonitrile at 37 C with UV detection at 190 nm. LY was measured by fluorometric determination (ex. 428 nm, em. 536 nm). The permeability was evaluated by the permeability coefficient. 
Results and Discussion
Microchip and fluidic system
Injection ports were set in the upper PDMS sheet to allow introduction of the medium and cells into the microchip. The ports were made of Teflon tubes (i.d., 1 mm; o.d., 2 mm; length, 10 mm). The Teflon tubes were covered with silicone tubes (i.d., 1 mm; o.d., 3 mm; length, 3 mm), so that they could be fixed in the upper PDMS sheets. The injection ports were easily connected to capillary tubes without any leakage.
Although water could be successfully infused into the microchip, air bubbles were sometimes introduced into the chip when introducing the culture medium. Air bubbles are harmful to the cells and can cause serious damage. The air bubbles contained CO2, which originated from NaHCO3 present in the medium; total elimination of the air bubbles was very difficult. The air bubbles were mainly formed in the capillary and transported into the microchip. Therefore, we set up air bubble traps on the injection ports, which would trap them and prevent their incursion into the chip.
The trap was made from 3 pieces of a silicone tube: 2 small pieces (i.d., 2 mm; o.d., 4 mm) and a large one (i.d., 4 mm; o.d., 7 mm) (Fig. 3) . The air bubble trap was connected to a capillary with an epoxy adhesive at the upper side via a short Teflon tube and to the injection port on the other. These traps successfully prevented air bubbles entering the microchip.
In this system, all solutions were pumped with a microsyringe pump, of which the flow rate could be controlled precisely and reproducibly. The resulting solutions could be collected continuously from outlets of the chip for further analyses.
Microchip design
The microchip had a two-tiered microchannel separated by a monolayer of Caco-2 cells cultured on a permeable membrane. The simplest structure of the two-tiered channel is shown in Fig. 4a . However, this structure sometimes resulted in a leakage of LY to the lower channel; the main reason for this was an incomplete attachment of the upper PDMS sheet to the upper side of the membrane because the collagen coat on the upper side of the membrane prevented bonding with PDMS. The upper solution was able to penetrate the clearance gap and then leak to the lower channel.
To prevent leakage, the design of the lower channel was improved (Fig. 4b) . The new design prevented the upper solution from penetrating to the lower channel, because the lower PDMS sheet and the membrane were tightly bonded. To achieve this structure, we fabricated microchannels on both sides of the lower PDMS sheet, and the vertical channels were made using Teflon tubing (i.d., 1.6 mm). The structure allowed successful leakage-free pumping of the medium.
Cell culture in a microchip
Caco-2 cells were cultured in the microchip to make a confluent monolayer. After introducing the cell suspension into the microchip, the chip was incubated in a CO2 incubator to allow cells to attach to the membrane. Although continuous medium infusion using a microsyringe pump was possible for medium replacement, cells were sometimes damaged due to unstable medium flow. Therefore, the cells were cultured statically and replaced the medium on a regular basis.
To generate a confluent monolayer of Caco-2 cells on the membrane, the dimensions of the microchamber and culture conditions were optimized. If the channel height was as low as 200 µm, cells would not reach confluence, resulting in empty spaces on the membrane (Fig. 5a ). This insufficient growth could be the result of nutrient shortage, resulting from the small amount of the medium as well as stress from dead cell debris and small air bubbles introduced during medium replacement. These problems were resolved by using a 1-mm height channel for the cell culture. By this, sufficient amounts of nutrients could be supplied, and any flow stress was considerably reduced.
In addition to optimization of the microchamber dimensions, the concentration of the cell suspension at introduction and frequency of medium replacement were also studied. Microchannels with 200-µm of 1-mm height and from 0.5-mm to 1.5-mm width were used for culture tests. The initial cell density was changed from 10 5 to 10 7 cells/mL. The frequency of the medium replacement ranged from twice a day to every third day.
Microchamber with dimensions of 1 × 4 × 1.5 mm (height × length × width) showed the best results, and the optimal concentration for the cell suspension was 5.0 × 10 6 cells/mL. The medium was replaced every second day. Caco-2 cells reached confluence after 3 days of culturing and remained confluent for 10 days in the microchamber maintained under the above-mentioned conditions (Fig. 5b ).
There were some reports on cell culture in microfluidic chips under fluidic conditions, and cells were strongly affected by sheer stress. 16 The optimum linear flow rate of the medium is dependent on the kind of cells and the conditions of the cell attachment surface. In this system, it is very important to keep the confluent culture all over the cell culture chamber so as to avoid any direct medium leakage to the lower channel. Therefore, the optimum fluidic conditions were rather strict and 1-mm height of the chamber was suitable to keep a lower linear flow rate.
Permeation test
The permeation test was conducted on a microchip system and was used to calculate the permeability coefficient from the experimental data (Fig. 6) . In control experiments without Caco-2 cells, both the LY and CPA could permeate the membrane. On the other hand, when Caco-2 cells formed a confluent cell sheet, LY could not permeate the membrane, while CPA showed results similar to those obtained in the control experiments. These results were consistent with the results of conventional experiments, which were obtained using a cell culture insert.
In these experiments, the optimum flow rate of the solution was 1 µL/min. Since the volume of the cell culture chamber was 6 µL, the permeation time of the samples dissolved in the medium was 6 min. A flow rate much higher than 1 µL/min resulted in a leakage of LY to the lower channel. Shear stress by faster flow might have damaged the cell layer. On the other hand, good results were obtained with a lower flow rate, although it took a longer time to obtain them.
The experimental results obtained using the microchip-based system were consistent with data obtained in conventional in-vitro experiments as well as practical characteristics concerning intestinal absorption of the samples. These results are indicative of the reliability of the system.
In the case of CPA analysis, solvent extraction and determination by the conventional HPLC with a UV detector with poor sensitivity were performed. Therefore, it took us several hours to collect sufficient amounts of the sample for analysis by HPLC. In this microchip-based system, however, it took only 6 min for the medium to flow from one end of the microchamber to the other. The permeation test can be completed within 10 min if the analyte can be detected by on-chip fluorescent detection, like LY. Moreover, the time required to conduct the permeation test can easily be varied by changing the flow rate or microchamber dimensions.
The area of the Caco-2 monolayer within the microchip was 6 mm 2 , and that of the conventional cell culture insert was 30 mm 2 . Thus, this microsystem realized an 80% reduction of Caco-2 cell consumption. In addition, the required sample volume was also reduced. The minimum sample requirement could be further reduced to the lower limit of determination of the following determination method. By microchip integration, troublesome manual operations could be replaced by automated control with the microsyringe pump.
Conclusions
In this study, we successfully developed a microsystem to evaluate intestinal absorption. This system realized a reduction of Caco-2 cells required for the assay, and lowered the net consumption of chemicals and the medium. In addition, we also achieved precise fluidic control and continuous sampling of the resulting solutions.
Our system had a microflow that mimicked vascular flow, while the conventional permeation testing was conducted under static conditions. The microchip-based system has great potential for highly sensitive and effective application to a wide variety of drugs and chemicals by being associated with various Fig. 6 Permeability coefficients obtained using (a) the microchip system and (b) the conventional method with a cell culture insert. Fig. 5 Photographs of the Caco-2 cells cultured for 3 days in the microchip and stained with Calcein-AM. 15 Cells were cultured in a microchamber with (a) 200 µm in height and (b) 1 mm in height.
microanalysis systems, such as flow analysis, chromatography, electrophoresis, and immunoassays.
